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ABSTRACT
LOCALIZED PLASMON-COUPLED
SEMICONDUCTOR NANOCRYSTAL EMITTERS
FOR INNOVATIVE DEVICE APPLICATIONS

Ibrahim Murat Soganci
M.S. in Electrical and Electronics Engineering
Supervisor: Assist. Prof. Dr. Hilmi Volkan Demir

August 2007

Quantum confinement allows for the development of novel luminescent
materials such as colloidal semiconductor quantum dots for a variety of photonic
applications spanning from biomedical labeling to white light generation.
However, such device applications require efficient photoluminescence. To this
end, in this thesis we investigate the spontaneous emission characteristics of
semiconductor nanocrystal emitters under different conditions and their
enhancement and controlled modification via plasmonic resonance coupling,
placing metallic nanoparticles in their proximity, for innovative device
applications. We first present our theoretical and experimental work on the
optical characterization of nanocyrstals (e.g., CdSe, CdS, and CdSe/ZnS)
including absorption/photoluminescence, time-resolved luminescence, and
excitation spectra measurements. Here we demonstrate very strong
electromodulation (up to 90%) of photoluminescence and absorption of such
nanocrystals (nanodots and nanorods) for optical modulator applications.
Second, we present our electromagnetic modeling on the optical response of
metal nanoparticles using finite-difference-time-domain method. For the first
time, using localized plasmons of metal nanoisland films (nano-silver) carefully
spectrally and spatially tuned for optimal coupling conditions, we report very

significant controlled modifications of nanocrystal emission including the peak
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emission wavelength shift (by 14nm), emission linewidth reduction (by 10nm
with 22% FWHM reduction), photoluminescence intensity enhancement (15.1-
and 21.6-fold compared to the control groups of the same nanocrystals with no
plasmonic coupling and those with identical nano-silver but no dielectric spacer
in the case of non-radiative energy transfer, respectively), and selectable peaking
of surface-state emission at desired wavelengths. Such localized plasmonic
engineering of nanocrystal emitters opens new possibilities for our light-

emitting and photovoltaic devices.
Keywords: Quantum confinement, quantum dots, nanocrystals, nanorods,

spontaneous  emission, photoluminescence, electromodulation, metal

nanoparticles, localized plasmons, metal-enhanced luminescence, FDTD.
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OZET
YENILIKCI AYGIT UYGULAMALARI ICIN
LOKAL PLAZMON KATKILI
YARIILETKEN NANOKRISTAL ISIYICILAR

Ibrahim Murat Soganci
Elektrik ve Elektronik Miihendisligi Boliimii Yiiksek Lisans
Tez Yoneticisi: Yrd. Do¢. Dr. Hilmi Volkan Demir
Agustos 2007

Kuvantum sinirlandirma, kolloidal yariiletken kuvantum noktalar1 gibi 1s1yici
malzemelerin biyomedikal goriintiilemeden beyaz 151k iiretimine kadar uzanan
cesitli fotonik uygulamalar i¢in kullanilmasini olanakli kilmaktadir. S6zii edilen
aygit uygulamalan verimli fotoisima gerektirmektedir. Bu amacla, bu tez
caligmasinda yariiletken nanokristallerin kendiliginden 1sinsalim 6zelliklerini
degisik kosullarda inceledik ve yenilik¢i aygit uygulamalari i¢in yakinlarina
metal nanopargaciklar yerlestirerek plazmon rezonans etkisiyle artismi ve
denetimli degisikligini sagladik. Oncelikle, nanokristallerin (6rnegin CdSe, CdS
ve (CdSe/ZnS) sogurma/fotoisima, zaman-¢6ziimlii 1s1ma ve uyarma tayfi
Olciimlerini iceren optik karakterizasyonu iizerine kuramsal ve deneysel
caligmalarimizi sunduk. Optik kipleyici uygulamalar1 i¢in, nanokristallerde
(nano-noktalar ve nano-gubuklar) ¢ok giiclii (% 90’a kadar) fotoisima ve
sogurma elektro-kiplemesi gosterdik. Ardindan, zamanda sonlu farklar (FDTD)
yontemiyle metal nanoparcaciklarim optik yamiti {lizerine elektromanyetik
modellememizi sunduk. ilk defa, metal nano-ada filmlerin (nano-giimiis) lokal
plazmonlarini uzaysal ve spektral olarak optimum optik etkilesim i¢in tasarlayip
kullanarak, 1s1ma doruk dalgaboyu kaymasi (14 nm), 1s1ma egrisi daralmasi (yar1
yiikseklikteki tam genislikte % 22’ye denk gelen 10 nm’lik daralma), fotoigima
siddet artist (ayni nanokristallerin plazmonik etkilesim olmadigi ve aym

nanokristaller ile ayni nano-giimiis arasinda dielektrik katman olmadigi



durumlara gore sirasiyla 15.1 ve 21.6 kat) ve yilizey 1simasinin istenilen
dalgaboyunda secilmis doruklandirilmasi gibi nanokristal 1simas1 ile ilgili
carpict degisiklikleri deneysel olarak gerceklestirdik. Bu tez c¢alismasinda
nanokristallerin bu sekilde lokal plazmon miihendisligi, 151k yayan ve

fotovoltaik aygitlarimiz i¢in yeni olanaklar sunmaktadir.

Anahtar sozciikler: Kuvantum siirlandirma, kuvantum noktalari, nanokristaller,
nano-¢ubuklar, kendiliginden 1smsalim, fotoisima, elektro-kipleme, metal
nanoparcaciklar, lokal plazmonlar, metalle artirilan 151ma, zamanda sonlu farklar

(FDTD).
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Chapter 1

Introduction

In recent years, significant scientific research has been performed on
semiconductor and metal nanoparticles especially because of their interesting
optical characteristics, which are not observed in bulk materials. Carrier and
photon confinement in such semiconductor and metal nanoparticles under
certain circumstances (i.e., resonance conditions) is the reason of these different
optical characteristics. As a result of these peculiar optical properties, the use of
such nanoparticles in photonic device applications is promising to obtain better
performances by modifying currently available devices and to invent new ones

with novel functionality.

Nanocrystals have crystalline structure (periodic stacking of atoms), but
consist of nanometer-size clusters, with diameters comparable to the exciton
Bohr radius and the de Broglie electron wavelength, and are distinctly separated
from each other. Among the examples of such semiconductor nanocrystals are
those from II-VI, III-V and VI-VI Groups. Colloidal nanocrystals are chemically
synthesized, and their sizes and formations are controlled through chemical
reaction parameters. Figure 1.1 presents a representative cross-section of a core-
shell nanocrystal. The electron confinement in nanocrystals, i.e., the quantum
confinement, leads to discretization of energy levels, making major changes in
the energy spectrum of electronic excitation and probability of optical transitions
(thus the optical absorption and emission spectra). Therefore, the bandgap
energy of the nanocrystals is size-dependent and both their absorption edge and

peak emission wavelength can be tuned within a certain spectral range



conveniently by controlling their crystal size. Both optical absorption and
emission processes are efficient in these quantum-confined structures. For
example, the luminescence quantum efficiency of II-VI Group nanocrystals may
be very high, in some cases as high as 80 % at room temperature [2]. Because of
all these interesting optical properties, nanocrystals have great potential to be
used in new optical and optoelectronic devices. The ability to fine-tune their
optical properties using size effect is the most important advantage of
nanocrystals, making it possible to increase the performance of existing devices,
and even facilitate to implement new functions. Our research activities are
focused on the quantum mechanical and electromagnetic mechanisms to
engineer the optical processes taking place in nanocrystals. To this end, in this
thesis we investigate the optical properties of different nanocrystals (made of
CdSe, CdS and CdSe/ZnS) modified in a controlled manner under different
conditions (e.g., under electric field, with plasmonic resonance coupling) for

innovative device applications.

Figure 1. 1 Representative cross section of a core-shell nanocrystal with surfactants
(ligands) at the outermost surface (after [1]).

Surface plasmons are the collective oscillations of conduction band electrons
at the surfaces of metal films or in metal nanoparticles. The technical term of
“propagating surface plasmons” (and sometimes only “surface plasmons”) is

used for plasmons on continuous metal surfaces and the term of “localized



surface plasmons” (and “particle plasmons™) is used for plasmons in metal
nanoparticles and metal nanostructures. Plasmons can be optically excited if the
optical frequency and wave vector of the incident photons match those of the
plasmons. At specific resonance frequencies, plasmon modes generate very
large amplitudes of electron oscillations. Around the resonance frequencies, the
local electromagnetic field in the vicinity of the electron oscillations may be
very high, which we prove by solving Maxwell’s equations using the finite-
difference time-domain method. The interplay between plasmons and photons
make very interesting applications possible, including surface-enhanced Raman
scattering [3], plasmon-enhanced nonlinear optical processes [4], plasmon-
enhanced two-photon absorption [5], and metal-enhanced fluorescence [6].
Similar interactions between plasmonic metal nanoparticles and nanocrystal
emitters also exhibit such interesting results, and in this thesis we investigate the
localized plasmonic engineering of the nanocrystal photoemission
experimentally. Considering the spatial and spectral conditions of strong
plasmon-nanocrystal interactions, we design, fabricate and characterize metallic
nanostructures. These results prove to be promising, with significant
enhancement in the luminescence intensity, shift in the peak emission
wavelength and narrowing in the emission linewidth. This opens new

opportunities for device applications as also suggested and experimented.

The organization of this thesis is as follows: In Chapter 2 we introduce
surface plasmons. In this chapter, the physical explanation of surface plasmons
and localized plasmons is provided; their optical excitation methods, the spatial
and spectral distribution of the electromagnetic fields in their vicinity and the
effects of particle and structure properties on resonance conditions are
explained. Here we also provide our electromagnetic simulations of the field
distribution around metal nanospheres under different excitation conditions.
Chapter 3 focuses on semiconductor nanocrystals. This chapter includes
theoretical explanation of the optical properties of semiconductor nanocrystals,
description of experimental techniques for nanocrystal film preparation, and

their optical characterization under different conditions (e.g., under electric



field). In Chapter 4, plasmon-material interactions are included. The physical
interactions leading to metal-enhanced fluorescence are discussed; our
experimental method of producing metal nanostructures is presented with the
systematic study of fabrication conditions; our design for the optimization of
metal-nanocrystal interactions is presented; significant modification in the
emission characteristics of nanocrystals in our fabricated structures are
demonstrated; and our device applications of such plasmon-coupled nanocrystal

emitters are introduced with experiment results.



Chapter 2

Surface Plasmons

Surface plasmon is a quantum of collective oscillations of conduction band
electrons in metals [7]. The oscillations of these negatively charged carriers are
accompanied with electromagnetic fields. The boundary conditions of the
electromagnetic fields accompanying electron oscillations on metal surfaces and
in metal nanoparticles are different. This leads to different physical solutions to
these two situations known as surface plasmons for on-surface oscillations and

localized plasmons for in-nanoparticle oscillations.

2.1 Surface Plasmon Polaritons

2.1.1 Physical Explanation

The existence of surface plasmon oscillations on metal-dielectric boundaries was
demonstrated by Powell and Swan using electron energy-loss experiments [8].
These oscillations on metal-dielectric boundaries bring together electromagnetic
fields in close proximity to the surface. Such electromagnetic excitations
bounded to the free charges on conductor surfaces are named as polaritons [9],
and the whole phenomenon including the surface plasma waves and the

accompanying fields is called as surface plasmon polaritons. Figure 2.1.1.1



displays the electrons at a metal-dielectric interface and the spatial distribution of

the accompanying fields.

E dielectric Kz
NN
£ AN AN NG Ky
o Hy plasma

Figure 2.1.1. 1 Surface charges and electric field distribution perpendicular to the surface.
Also, the magnetic field is depicted (after [10])

Assuming that there is no dependence in the y-axis, the electric field
distribution of a surface polariton propagating on the x direction as in Figure

2.1.1.1 is as follows:
E=E expli(k xtk z—owt)] (2.1.1.1)

where £, is imaginary and k, is real (and the sign of k,z term is positive if z >0,
and negative if z <0). This means that the electric field amplitude decays
exponentionally in the z-axis and and behaves as a propagating wave in the x-
axis.

The dispersion relation of surface plasmon polaritons is given by the

following equation [11]:

1/2
hzﬂpﬁﬂL}
cle, +éey
2.1.1.2)

where @ is the oscillation frequency, &, is the permittivity of the metal, and &;1s
the permittivity of the dielectric at the interface. The dispersion relation is
demonstrated in Figure 2.1.1.2. Also plotted in the same figure is the dispersion
relation of a photon propagating in the adjacent dielectric. Close to the surface
plasmon resonance frequency, the wave vector of the surface plasmon polaritons
is larger than that of the photon at equal frequencies. This makes it impossible to

match the wave vector and the frequency of polaritons and those of the photons at



the same time, which means that surface plasmon polaritons cannot be excited by
electromagnetic radiation from the dielectric, and electromagnetic radiation
cannot be created in the dielectric by the surface plasmon modes on the metal

surface without using additional techniques.

2 photon / o
O / w=ckie
=
T /
T /
- / surface plasmon
Wep 7
£
Y surface polariton
T T T T T T 1
Wavevector

Figure 2.1.1. 2 Comparison of dispersion relations of surface plasmon polariton modes at a
metal-dielectric interface and photons in the same dielectric medium (after [12]).

2.1.2 Excitation of Surface Plasmon Polaritons

Surface plasmon polaritons can be excited by electrons or by light. Electrons
penetrating to the metal surface are scattered and leave some momentum and
energy for the electrons on the metal surface. The projection of the momentum
on the propagation plane of the surface plasmons determines the wave vector of
the excited modes, which is defined as £, in the assumption of two dimensions
as above. This wave vector also determines the energy through the dispersion
relation. Figure 2.1.2.1 presents the scattering of electrons in the metal and
displays the position of wave vector on the dispersion curve. The theory of
excitation of surface plasmon polaritons by electrons has been verified, finding

out the dispersion relation plotted in Figure 2.1.1.2 experimentally [11].



{a)

(b}

Figure 2.1.2. 1 Scattering of electrons in the metal film (a), and the position of the
corresponding wave vector on the surface on the dispersion curve (after [11]).

The excitation of surface plasmon polaritons by light requires additional
techniques because at a given photon energy the wave vector of surface plasmon
polaritons is larger than that of the incident photons as discussed above. One
method of achieving this on smooth surfaces is the use of a grating coupler. The
light incident on a grating coupler with a grating constant a, at an angle 6) may

have wave vectors (w/c)sin 6y +vg of its component in the surface, where v is

an integer and g = 27/ a. Therefore, the equation
kg =(w/c)sin @, +vg (2.1.2.1)

gives the surface plasmon wave vector. The reverse is also valid, in which
surface plasmons with the aforementioned wave vectors couple to

electromagnetic radiation through a grating coupler.



The second method to excite surface plasmon polaritons on smooth surfaces
by light relies on the attenuated total reflection (ATR) coupling. After the

reflection of light from a metal surface covered with a dielectric medium

withgg > 1, its momentum is equal to (Av/ c)\/g because the speed of light

isc/4/gy in the dielectric. For an angle of incidence of 6y,

k=2 [e, sind, (2.1.2.2)
c

is the projection on the surface. Considering the case in Figure 2.1.2.2, the

incident light has the wave number projection as in equation 2.1.2.2, and the

dispersion relation of surface plasmon polariton modes at the boundary between

medium 1 and medium 2 is equal to

1/2
@:9(8mj (2.12.3)

cle, +1

if medium 2 is air or vacuum. Figure 2.1.2.3 compares the functions in equations
2.1.2.2 and 2.1.2.3, and shows that there is a region of intersection in the graph,
which makes it possible to excite surface plasmon modes in the air-metal
boundary using total internal reflection from a medium with higher refractive

index [11].
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Figure 2.1.2. 2 Reflection of light at a metal-dielectric boundary. Medium 1 is metal and
medium 2 is air or vacuum (after [11]).
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Figure 2.1.2. 3 Comparison of wave vector of light with an angle of incidence of 0, in free
space (1) , in medium 0 (2), with the dispersion relation graph of surface plasmon
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polaritons at medium 1-medium 2 interface (after [11])

2.1.3 Field Enhancement
Since the surface plasmon polariton fields decay perpendicular to the metal-
dielectric surface, they are bounded in the near field. Therefore, the field is

significantly enhanced at this region. The field enhancement factor at a smooth
]1/ 2
(2.1.3.1)

surface is calculated from

_2 |Re 8m|2 []Re Em
1+|Regm|

Esp(z=0) 0
gd Imeg,,

Elight
where & is the permittivity of the prism used to illuminate the metal [12]. The

enhancement can be higher than two orders of magnitude for a 60 nm-thick

silver film exposed to white light [12]
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2.2 Localized Surface Plasmons

Localized surface plasmons are the quanta of collective oscillations of electrons
spatially confined in metal nanoparticles. Their characteristics are quite different

from the surface plasmons on smooth surfaces.

2.2.1 Physical Explanation

The response of metal spheres to externally applied electromagnetic radiation
can be solved analytically using Maxwell’s equations. Mie solved this
electrodynamic problem completely in 1908 [13]. However, quasi-static
approximations also yield reasonably correct results especially for diameters
smaller than 30 nm, and they are very helpful to create an intuition on the
reader. Therefore, we explain the theory of localized surface plasmon using the

quasi-static approximation here.

At optical frequencies, the penetration depth of electromagnetic waves is
around 30 nm for gold and silver. As the size of the metal nanoparticle is on the
order of penetration depth, the electromagnetic fields can penetrate. This causes
electric field formation in the particle. As a result, the conduction band electrons
shift collectively with respect to the positive charges in the structure. The
collection of the opposite charges at the opposite sides of the particle builds up
restoring forces [10]. The restoring forces cause an oscillation of the electrons in
the particle. Four factors determine the oscillation frequency: the density and
effective mass of the electrons, the shape and size of the charge distribution
[14]. The density and effective mass of electrons are material parameters. Metals
with high density of electrons have stronger oscillations because of larger
polarizability. If the frequency of the exciting electric field is equal to the
oscillation frequency of the electrons, even a small excitation brings together
very strong oscillations. On the resonance condition, the metal nanoparticle

becomes an oscillating dipole, and very high local electric fields are induced in

11



the incident polarization axis around this dipole [14]. Quasi-static approximation
gives the electric field around the metal nanoparticle excited with an E-field
polarized in the x-direction with the following equation [14]
= . X 3x, . A 4
E =E0x—aE0{—3——(xx+yy+Zz)} (2.2.1.1)
r

rS

where a is the polarizability of the metal particle and E) is the amplitude of the
incident electric field. The first term on the right hand side is the incident field
and the second term on the right hand side is the induced dipole field. From this
equation, the induced dipole field has //# dependence over distance from the

center of the particle.

The excited plasmons dampen either in a nonradiative way or by radiating
electromagnetic waves. Nonradiative decay is caused by scattering with lattice
ions, phonons, the other electrons, surface of the particle, impurities, etc.
Nonradiative decay is the dissipation of energy as heat, and contributes to the
absorption of the exciting field. Radiative decay occurs as scattering of
electromagnetic waves [10]. Both absorption and scattering of the metal
nanoparticle are very high around the resonance wavelength, creating a peak at
the extinction spectrum. The extinction peak also means local field peak because
the electromagnetic field around the particles is linearly proportional to the

absorption [15].

Mie theory, neglecting higher order modes, gives the extinction cross section

of spherical metal nanparticles as follows [16]

B 9V,9m3/2 wey (a))

o =
T e ale)r2e, ] +e0)

(2.2.1.2)

where V' is the volume of the particle, @ is the frequency of radiation, &, is the
dielectric constant of the surrounding medium, and &, =& +igy. To

consider the effect of size differences, size-dependent dielectric constants are

used. If &, is small, which is usually the case in our frequency range of interest,
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the plasmonic resonance is observed in the extinction cross-section for the case

when:
g(w)=-2¢g, (2.2.1.3)

This is an important result because it helps us estimate the localized surface
plasmon resonance wavelength of metal nanospheres by checking the dispersion
relation graphs of the relevant metals. As an example, the dielectric constant of
silver as a function of photon energy is displayed in Figure 2.2.1.1 [17]. From
this graph, the resonance photon energy for silver nanospheres is expected to be

around 3.4 eV.

€,/30 1

| I I i | ]
1 2 ] 4 5 5

PHOTON ENERGY (eW)

Figure 2.2.1. 1 Real and imaginary components of the dielectric constant of silver plotted
as a function of photon energy. The width of the curves represents the amount of
experimental error (after [17]).

The quasi-static approximation is valid especially for particles with diameters
smaller than 30 nm. However, if the diameter of the particle is larger, the
quadrupole and octopole modes also become important. In the quadrupole mode,

half of the electron cloud moves parallel to the applied field, and the other half

13



antiparallel to it [14]. For large nanoparticles, a superposition of all modes are
observable in the extinction cross section spectrum, and the quasi-static
approximation explained above does not yield good enough solutions to the
excitation of higher order modes in larger particles, if the size of the particle is
comparable to the wavelength of excitation, inhomogeneous polarization

becomes valid [16].

2.2.2 Parameters Affecting Resonance Conditions

The type of the metal, the shape and size of the nanoparticle and the
environment determine the localized plasmon resonance wavelength together.

Let us investigate the effects of all factors on the resonance conditions:

2.2.2.1 Size

The parameters effecting the lifetime of localized plasmon resonance depend on
the size. As particle size increases, the effect of radiation damping increases,
which causes red-shift and broadening of the plasmon resonance for larger
particles [18,19]. The mean free path of electrons in gold is about 50 nm and the
electron-phonon collision time is 35 fs. For very small particles collisions with
the particle surface become important. Therefore, particle size determines the
damping constant [16]. In both extremes, the quality of resonance decreases
because the mentioned decay mechanisms become dominant. Therefore, there is
an optimum size of metal nanoparticles for better resonance behavior. The
proportion of absorption and scattering in the extinction of resonant
nanoparticles also depends on the size. As the radiative damping becomes

dominant for larger sizes, the scattering is dominant over absorption in larger
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nanoparticles [20]. If the particle diameter is greater than 100 nm, extinction is

almost 100 % due to scattering [21].

2.2.2.2 Shape

While for small metallic nanospheres only one resonance (the dipole resonance)
is valid, for other geometries multiple resonances may be observed. For
example, two resonances are observed in triangle structures [22]. For ellipsoids,
the resonance wavelength depends on the polarization of the field. If the
polarization is in the long axis, the resonance wavelength is longer compared to
the polarization in the short axis. The resonance red-shifts if the aspect ratio of
the ellipsoid increases. If one dimension of the particle is within 20 nm, the
localized plasmon peak shifts to longer wavelengths dramatically [23]. The
particle shape has more influence on the resonance wavelength than the size. In
the regions of high surface curvature, the enhancement of the local field is
higher because of the lightning rod effect [24]. Therefore, nanoparticles with
complex shapes including corners yield higher local field enhancement. For
example, silver particles in the shape of triangular prisms cause much higher

fields than cylinders [23].

2.2.2.3 Material

Metals with higher electron density are better materials for localized plasmon
resonance. For this reason, gold and silver are the materials used the most
frequently for resonance plasmon resonance applications. The relation given in
equation (2.2.1.3) causes the resonance wavelengths of different metals to be
different. The dielectric permittivity as a function of wavelength changes from

metal to metal and the wavelength at which it satisfies equation (2.2.1.3) also
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changes. As an example, for equal particle size and shape and environmental

conditions, gold has longer resonance wavelengths than silver.

2.2.2.4 Medium Properties

Again from equation (2.2.1.3), the dielectric constant of the medium influences
the resonance wavelength. The higher the dielectric constant of the medium, the
red-shifted the plasmon resonance is. Only the properties of surrounding media
close enough to the metal particle can significantly affect the resonance
conditions. This distance is around 15 nm. Also, if there are other metal
nanoparticles in the environment, the distribution of the electric field, and even
resonance wavelength are influenced. Between particles very close to each
other, field intensities much higher than those near single particles are observed.
However, independent of particle size and shape, for gaps sizes larger than 1
nm, the high intensities rapidly decay. As two particles get close to each other,
red-shift is observed in the resonance. The particles can be assumed to be
isolated for gap sizes larger than the particle size. If the metal nanoparticles are
on metal films, surface plasmon polaritons become an efficient channel for the
localized plasmon polaritons to decay, causing significant changes in the

resonance conditions [12].

2.3 Electromagnetic simulation of localized surface

plasmons

2.3.1 The Finite-Difference Time-Domain Method

To simulate the response of metal nanoparticles to externally applied
electromagnetic radiation, we solve Maxwell’s equations using the finite-

difference time-domain method. The finite-difference time-domain method
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depends on the central difference approximations. Time and space are divided
into grids and the derivatives in time and spatial domain are expressed as the
changes in the function around a specific grid.

a n Fll Fﬂ

wid) _ DjanrnLijar2) 2
+ O[(Az 2.3.1.1
. ~ [(Az)”] ( )

As given in equation 2.3.1.1, the derivative of the function with respect to z is
calculated from the difference of the following and previous grid values divided
by the grid size. The second term on the right hand side is the second order error
term arising from the discretization, and it is ignored in the calculations. The

curl equations from Maxwell’s equations,

Faraday’s Law: VxE=—[. % (2.3.1.2-a)
Ampere’s Law: Vx H = E.aa—]f +J (2.3.1.2-b)
Gauss’ Law for Electric field: V.D = p (2.3.1.2-¢)
Gauss’ Law for Magnetic field: V.B =0 (2.3.1.2-d)

are written with all components of the electric and magnetic field vectors, and
are discretized using central difference approximations. The electric and
magnetic field components are located on a Yee cell as presented in Figure

2.3.1.1.
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Figure 2.3.1. 1 Yee cell

Uniaxial perfectly matched layers (UPML) are used as the boundary conditions.
Perfectly matched layers are used to prevent artificial reflection from the
boundaries of the computational domain. For more detailed description of the
finite-difference time-domain method and uniaxial perfectly matched layers, the

reader is suggested to consult [25,26].

2.3.2 Implementation

Since metals are involved in our electromagnetic problem, we have to take into
consideration the effects of dispersion. Drude model is convenient for silver at
optical frequencies, with results compatible with the experimental results. The

general equation for Drude model is as follows

2

@p
& (@) =¢&y S (2.3.2.1)
o+ jor

where &, is the dielectric permittivity at infinite frequency, w, is the plasma

frequency and TI'is the relaxation rate of the electrons. For silver, the
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parameters &, = 8.926, w, =11.585¢V, and I'=0.203eV give results similar

to the experimental ones in the 350 nm-450 nm range [27]. Figure 2.3.2.1
presents the real and imaginary parts of the dielectric permittivity of silver as a
function of photon energy calculated using those parameters in the Drude model.
These plots are close to the graph in Figure 2.2.1.1 in our wavelength region of

interest.

The wavelength-dependent dielectric constant in the finite-difference time-

domain method is introduced in the constitutive relation:

D =gy, E (2.3.2.2)

Real part of permittivity
o
T
1

m
T
1

20k -

25 1 1 1 |
2 22 24 2B 28 3 32 34 3.6

Fhoton energy (V)

(@)
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Figure 2.3.2. 1 Real (a) and imaginary (b) parts of the dielectric permittivity of silver
plotted using Drude model
Substituting equation 2.3.2.1 in equation 2.3.2.2 gives the relationship between

D and E vectors:

2 . 2
— Ex®” + joe ' — @ —
D(w) =—= 2] S—
w” + jol

(2.3.2.3)

Since the finite-difference time-domain method uses time-domain analysis, we
have to convert equation 2.3.2.3 from frequency-domain to time-domain. After
inverse-Fourier transform is taken,
2 2

0 — 0 — 0° = 0= 2 =

—D+I'—D =¢gyeo —E + 9. ] —E +w,60E 2324

atz ot 0 0081‘2 0¢o0 ot p<0 ( )
is derived as the differential equation relating D and E vectors. Equation

2.3.2.4 is used in the finite-difference time-domain calculations to include
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frequency-dependent dielectric constant of silver. This method is called the
“auxiliary differential equation approach” and has been proved to be successful

for simulation of dispersive media [28].

The following equations are derived to solve the electromagnetic problems in
time domain in the media including dispersive metals, using the auxiliary

differential equation approach and uniaxial perfectly matched layers at the

boundaries:
) oy0)
|n+1/2 _| A 2¢ |n—1/2 N 1 5
Mitl/2, )k Ky(j)_'_ay(j) Mitl/2, )k Ky(j)+o-y(j)
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(2.3.2.7)
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Equations 2.3.2.5-2.3.2.11 are used to derive the electric field and equations
2.3.2.12-2.3.2.17 are used to derive the magnetic field. These calculations are
updated in every time step (and the previous values of the variables are not kept
to use the memory efficiently). In the equations, each electric and magnetic field

component is written with its location indicated by i, j and k&, and the time step
indicated by n. To make the expressions clear: i+1/2 is Axé further from i in
the x-direction, where Ax is the grid size in the x-axis. The positions in y and z
axes are written similarly. In time domain, n+1/2 is % later than n, where A is
the time grid size. «,, Ky, Kz, Oy, Oy and o,are the UPML parameters.
Inside the working region, «, =k, =x,=1 and oy=0,=0,=0. In the

UPML region at the boundaries,

m

Ky =1+ (K max —1)(3} (2.3.2.18-a)
m

iy = 1+ (i) max —1&} (2.3.2.18-b)
z m

K, =14+ (Kymax —1)&} (2.3.2.18-c)
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where d is the UPML thickness, the typical values of i, are around 7, and m

has a value between 3 and 4.

m
o, = Uxmax(gj (2.3.2.19-a)
m
o, =0, max(%} (2.3.2.19-b)
z m
o, = azmax(;j (2.3.2.19 -¢)
where
m+1
Crmax =1 IXx———— (2.3.2.20-a)
rmax 15074/e, Ax
m+1
G pmax =1 1x———— 2.3.2.20 -b
ymax 1507./&, Ay ( )
m+1

o =l.Ix————— (2.3.2.20 -c
zmax 15072'\/;& )

where &, is the dielectric constant of the medium in the working region.

2.3.3 Results

We investigate the electric field distribution around the silver nanoparticle with
different excitation types. Both two-dimensional and three-dimensional
problems are solved. The silver particle we use in the simulations is a
nanosphere in the case of three dimensions, and it is a nanocylinder with infinite
height in the case of two dimensions. The simulation area is indicated in the
diagram in Figure 2.3.3.1. The excitation is p-polarized from the region shown

as the source in the figure. The refractive index of the medium is selected as 1.5
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because in most cases the metal nanospheres are dispersed in poly(methyl

methacrylate) (PMMA), which has a refractive index of 1.496 [29].

UPWL

5l fim

Ag nanosphere

Source

100 nm

Figure 2.3.3. 1 Diagram representing the simulation region

Figures 2.3.3.2-2.3.3.4 display the comparison of electric field amplitudes at
different distances from the surface of a 10 nm-diameter silver nanocylinder
with the electric field at the same locations without the existence of the

nanosphere in time domain.
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Figure 2.3.3. 2 The comparison of electric field amplitude at the surface of the nanosphere
in longitudinal axis and without the presence of silver nanosphere at the same location
when excited at 390 nm free-space wavelength (the unit of x-axis is seconds and the unit of
y-axis is arbitrary).

In Figure 2.3.3.2, the location is at the surface of the nanosphere, whereas the
distance to the surface is 0.8 nm in Figure 2.3.3.3 and 1.6 nm in Figure 2.3.3.4.
The locations are behind the silver nanosphere (in longitudinal direction) when
excited with a continuous wave at 390 nm free-space wavelength. The
simulations are undertaken in two dimensions with TE polarization. Figures
2.3.3.5-2.3.3.7 are also the comparisons of the electric field amplitudes at 0 nm,
0.8 nm, and 1.6 nm from the surface of the nanosphere in the transverse axis
with respect to the incident wave for the same excitation conditions. These

figures prove that large amounts of field enhancement is possible very close to
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the surface of the nanosphere, and it decays very rapidly in a few nanometers.
Also, the enhanced field at the transverse axis is larger than that in the

longitudinal axis.

Red: 0.8 nm away from the silver disk, blue: without the silver disk
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Figure 2.3.3. 3 The comparison of electric field amplitude at a distance of 0.8 nm from the
surface of the silver nanosphere in longitudinal axis and without the silver nanosphere at
the same location when excited at 390 nm free-space wavelength (the unit of x-axis is
seconds and the unit of y-axis is arbitrary).
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Figure 2.3.3. 4 The comparison of electric field amplitude at a distance of 1.6 nm from the
surface of the silver nanosphere in longitudinal axis and without the silver nanosphere at
the same location when excited at 390 nm free-space wavelength (the unit of x-axis is
seconds and the unit of y-axis is arbitrary).
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Figure 2.3.3. 5 The comparison of electric field amplitude at the surface of the silver
nanosphere in transverse axis and without the silver nanosphere at the same location when
excited at 390 nm free-space wavelength (the unit of x-axis is seconds and the unit of y-axis
is arbitrary).
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Figure 2.3.3. 6 The comparison of electric field amplitude at a distance of 0.8 nm from the
surface of the silver nanosphere in transverse axis and without the silver nanosphere at the
same location when excited at 390 nm free-space wavelength (the unit of x-axis is seconds
and the unit of y-axis is arbitrary).
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Figure 2.3.3. 7 The comparison of electric field amplitude at a distance of 1.6 nm from the
surface of the silver nanosphere in transverse axis and without the silver nanosphere at the
same location when excited at 390 nm free-space wavelength (the unit of x-axis is seconds
and the unit of y-axis is arbitrary).

We also plot the 1/#° dependence over the distance in Figure 2.3.3.8. This is the
expected dependence because the intensity of enhanced electromagnetic field
around a metal ellipsoid is proportional to 1/#° [15], where r is the distance from

the surface.
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Figure 2.3.3. 8 Enhanced electromagnetic field intensity distribution with respect to
distance from the surface with a 1/r’-dependence (the unit of x-axis is nm and the unit of y-
axis is arbitrary).

Additionally, we excite the nanocylinder with a beam, which is Gaussian in
time in order to investigate the spectral response. The full-width at half-
maximum of the beam is 50 fs. The medium is considered as free space. We
make simulations with and without the silver nanocylinder and take the Fourier
transform of the electric field amplitude in both cases. Figure 2.3.3.9 plots the
spectral distribution of the electric field amplitude at the surface of the silver
nanocylinder with a 10 nm diameter. The resonance around 340 nm free-space
wavelength is clearly visible. This resonance wavelength is slightly shorter than
the reported value in the literature, which is 370 nm [22]. The possible reason

might be the different Drude model parameters used for silver. However, this

33



E-field armplitude

graph proves that a local field enhancement is observed around the resonance

wavelength of silver nanoparticles.
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Figure 2.3.3. 9 Spectral distribution of electric field amplitude at the surface of silver
nanocylinder (the unit of x-axis is nm and the unit of y-axis is arbitrary).
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Chapter 3

Semiconductor Nanocrystals

3.1 Theory

3.1.1 Definition and Basics

Nanocrystals are aggregates of a few hundred to tens of thousands of atoms that
combine into a crystalline form of matter known as a cluster. The size of these
crystallites ranges from one to tens of nanometers. Within this range of sizes,
nanocrystals are larger than molecules, but still much smaller than bulk
materials. What makes nanocrystals different from other quantum-confined
structures, i.e., quantum wells and quantum wires is the fact that quantum wells
and quantum wires have translational symmetry in one or two dimensions, but in
nanocrystals translational symmetry is totally broken because there are only a
finite number of electrons and holes within the same crystal. As a result, the
concepts of electron-hole gas and quasi-momentum cannot be applied to
nanocrystals. Also, the finite number of electrons in nanocrystals causes a
variety of photoinduced phenomena such as persistent and permanent
photophysical and photochemical phenomena, which are known in atomic and
molecular physics, but are not applicable to solids. Another point which makes
nanocrystals different is their fabrication techniques. Nanocrystals are fabricated

using techniques also used in glass technology and colloidal chemistry [30].
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3.1.2 Energy States in Quantum Dots

In theoretical analysis, nanocrystals are assumed to be a tiny piece of a crystal
structure with a spherical or cubic shape, which is known as a quantum dot. In
fact, such perfectly spherical or cubic species do not exist in reality. However,
this assumption is very useful to understand the physics of nanocrystals by using
simplified models and the basic effects coming from three-dimensional spatial
confinement. Therefore, particle-in-a-box problem is solved for a simple
analysis here. At smaller sizes, quantum chemical approach is used, in which the

number of atoms is taken into account instead of the size.

Effective mass approximation is used in the analysis of nanocrystals.
According to this approximation, electrons (and holes) are assumed to have the
same effective mass as in the ideal infinite crystal of the same stoichiometry. In
this approach, we treat the crystallite as a macroscopic crystal with respect to the
lattice properties, but consider it as a quantum dot for quasiparticles. The
simplest model to analyze nanocrystals is the spherical potential box with
infinite potential barriers and with electrons and holes considered to have
isotropic effective masses. This problem can be investigated for two different

cases of the weak confinement regime and the strong confinement regime.

The weak confinement regime is considered when the dot radius a is small,
but still a few times larger than the exciton Bohr radius, ag. To give an idea, the
exciton Bohr radius is 4.9 nm for CdSe, 2.8 nm for CdS, and 3.8 nm for ZnSe
[31]. The exciton center-of-mass motion has quantization in this case. The

dispersion law of an exciton in a crystal is as follows:

k

R, #n’k?
Ey(K)=Eg ——5+ o
n

(3.1.2.1)

where K is the magnitude of the exciton wave vector, E, is the bandgap energy

of the crystal structure, R, is the exciton Rydberg energy, n are quantum
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numbers, and M is the exciton mass calculated from the effective electron mass

and the effective hole mass as in equation 3.1.2.2.
* *
M =m, +my, (3.1.2.2)

In equation 3.1.2.1, the second term on the right hand side represents the
Coulomb interaction between the electron and the hole, and the third term comes
from the kinetic energy of the exciton. For the case of a nanocrystal, the kinetic
energy term in this equation has to be modified because the kinetic energy of an
exciton in a quantum dot is discrete. The discrete values can be calculated by
solving the particle in a spherical box problem. With the change in the kinetic

energy term, equation 3.1.2.1 becomes:
R 2
E o =E, -2 (3.1.2.3)
n

where a is the quantum dot radius, y,,; are the roots of the Bessel function

coming from the center-of-mass motion in a spherical box with infinite external
potential barriers. / is the orbital number, determining the angular momentum,
and m is the magnetic number, which determines the angular momentum
component parallel to the z axis. Since photon absorption can create excitons
with zero angular momentum only, the absorption spectrum is derived from the

equation above, but with the case that / is equal to zero:

m (3.1.2.4)

Equation 3.1.2.4 describes the energy levels for optical transitions in the weak

confinement regime [30].

In the strong confinement regime, the dot radius a is much smaller than the
exciton Bohr radius, ap. If we assume that the confined electron and hole are
both free and model the nanocrystal as a spherical box in an infinite potential

wall [32]:
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2 2
ES = E, I (3.1.2.5)

2mea2
2 2
h
Ejpy =—%ml (3.1.2.6)
2mya

Under this assumption, the term representing the Coulomb interaction
disappears because the electron and hole are assumed to be free in this case. Of
course this is not correct and we need to come back to this to correct for the
strong Coulomb interaction. From equations 3.1.2.5 and 3.1.2.6, we can find the
energy difference between the lowest electron and hole 1s states. For this

condition, /=0, and m=1. The energy difference is then

2_2
h w1 1
Elsls :Eles +E1S =Eg+ 5 —+— (3127)
2a me  my
This is the minimal energy required to create an unbound electron-hole pair.
Optical transitions require the electron and hole states to have the same principal
and orbital quantum numbers. As a result, the absorption spectrum reduces to a

set of discrete bands with peaks at the energies:

2

h 2
E, = Eg +—— nl (3.1.2.8)
2ua
where
i =L+L (3.1.2.9)
Home My

Because of this absorption spectrum with discrete peaks, quantum dots in the

strong confinement limit are referred to as artificial atoms [30].

This model, which ignores the Coulomb interactions because of the absence
of a hydrogen atom-like exciton behavior, is not correct because the electron and

hole are confined in space comparable to the extension of the exciton ground
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state in the ideal crystal. On the contrary, the Coulomb interaction between the
electron and the hole is even stronger in the strong confinement limit of
quantum dots. Therefore, the energy difference between the lowest electron and

hole states is corrected as

2 2 2
h ”2 —1.7865—

Ejg1s = Eg +
2ua ca

(3.1.2.10)

with the addition of the last term representing Coulomb interaction [33]. This

phenomenon is referred to as “exciton in quantum dot”.

We arrive at a very important conclusion from both equations 3.1.2.7 and
3.1.2.10, independent of the assumptions used in the calculations. Both
equations express that the optical transition energy edge significantly depends
on the radius of the quantum dot. This is one of the most important
characteristics of semiconductor nanocrystals, making it possible to engineer
their optical absorption edge and emission peak wavelengths by controlling the

size during synthesis.

3.1.3 Broadening mechanisms

Both homogeneous and inhomogeneous broadening are effective in the optical
characteristics of semiconductor nanocrystals. Homogeneous broadening is
observed even in single nanocrystals because of dephasing, which occurs
through events such as radiative recombination or scattering of the electron-hole

pair with impurities, phonons, or imperfections in the structure.

The other broadening mechanism in semiconductor nanocrystals is
inhomogeneous broadening. This occurs in nanocrystal ensembles because of
the size distribution. Except some specific cases, where all the nanocrystals have
exactly equal number of atoms, nanocrystals with slightly different sizes co-

exist. We can take into account the effect of inhomogeneous broadening on the
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absorption spectrum by multiplying the absorption coefficient of every single
size with the probability of the existence of that size, and adding all the terms as

follows:
(@) 4y = [ P(R)at() g dR (3.1.3.1)

In most cases, Gaussian distribution is valid for the probability distribution of

the quantum dot radii in an ensemble with enough number of nanocrystals.

The effect of both homogeneous and inhomogeneous broadening on the
absorption and emission spectra is significant. As indicated in Section 3.1.2,
optical transitions in strongly-confined nanocrystals occur at well-separated
energy levels. However, broadening mechanisms cause those well-separated
absorption peaks to combine into a single absorption curve in the spectrum. A
crystal size distribution of 10 % is enough to transform the discrete absorption
spectrum into a continuous one. This evolution is clearly shown in Figure
3.1.3.1, where the absorption spectrum of a semiconductor nanocrystal is plotted

with size distributions from 5% to 20%.

a (arb. units)

ifference fo; Qi) e B 4.0
ENERGY (eV)

Figure 3.1.3. 1 Evolution of the optical absorption spectrum of semiconductor nanocrystals
with full-width at half-maximum enlarging with increasing size distribution in the
ensemble (after [32]).
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3.2 Experimental Characterization

It is possible to make experiments with semiconductor nanocrystals under
different conditions, which gives freedom of choice to some extent. While
nanocrystals can be kept in polymer matrices, they can also be kept as colloids
in materials such as chloroform or toluene and they can be used without any
other host materials in the environment. We have experience on all such

techniques of handling nanocrystals.

3.2.1 Nanocrystal Processing Techniques

It is helpful to summarize some nanocrystal processing techniques at this point.
For some applications the nanocrystals have to be cast in thin films with well-
controlled thicknesses. Embedding them in polymer matrices is one solution.
Poly(methyl methacrylate) (PMMA) is a polymer that conveniently forms
uniform films with spin-coating technique. Nanocrystals can be dispersed quite
uniformly in PMMA matrix. The nanocrystals can be dispersed also in different
polymers with different levels of viscosities, leading to different thicknesses
after spin-coating. For instance, by spin-coating at a speed of 3000 revolutions
per minute (rpm), it is possible to obtain polymer films of varying viscosity with
thicknesses ranging from 10 nm to 2 um. In polymer matrix, the nanocrystals are
isolated from each other unless the nanocrystal concentration is very high.
Another type of host medium for semiconductor nanocrystals is solvents such as
chloroform, toluene and acetone. It is difficult to obtain controlled film
thicknesses with this kind of matrices. They are good for applications including

colloidal suspensions of mobilized nanocrystals.

If closely-packed nanocrystals are required, the colloidal suspensions
mentioned above can be further processed. One method is to disperse them in
chloroform, which evaporates rapidly, and then to drop-cast or dip-coat to form

a thin film of nanocrystals. During the evaporation process, the nanocrystals in a
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droplet of solvent located on the substrate are kept in an environment with
controlled air flow and pressure. As a result of this process, the chloroform is

evaporated and closely-packed nanocrystals are left on the substrate.

The efficiency of each technique depends on the properties of the
nanocrystals. If the nanocrystals do not have shells or other additional materials
covering them, they form aggregations and start behaving like bulk materials if
they are kept very close to each other. They have to be suspended in low
concentration in a host medium. However, in some applications the nanocrystals
have to be in closely-packed form. For those cases, nanocrystal surfaces have to
be modified to avoid aggregation or bulk material formation. Trioctylphosphine
oxide (TOPO) is a common surfactant used to coat the outer layer of
nanocrystals to prevent aggregation. In hot injection method, the nanocrystals
end up with TOPO coating on their outmost shells as a result of the natural

synthesis process starting with organic based sources.

Before processing nanocrystals for device fabrication or experimental
characterization, it is useful to clean the colloidal material from undesired
organic contaminants. This can be achieved by adding methanol or acetone at
equal volume and then centrifuging with speeds higher than 5000 rpm. This
way, nanocrystals are separated from the other materials including the
contaminants. Repeating the centrifuge more than twice separates the organic
contaminants almost completely. It is commonly suggested to repeat this

purifying process at least three times.

3.2.2 Optical Absorption and Emission

Measurements

As mentioned in Section 3.1, the optical absorption and emission spectra of
semiconductor nanocrystals are strongly dependent on the size distribution of

the quantum dots because the discrete energy levels significantly alter with
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changing radii of the quantum dots. As expressed in equation 3.1.2.10, the
energy difference between the 1s states of the electrons and holes increases with
decreasing size. Therefore, the peak emission wavelength and optical absorption
edge wavelength are blue-shifted with decreasing size. Figures 3.2.2.1(a,b,c)
display the absorption and photoluminescence spectra of some CdSe/ZnS core-

shell nanocrystals together.
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Figure 3.2.2. 1 Absorption and photoluminescence spectra of CdSe/ZnS core-shell
nanocrystals with diameters of 2.1 nm (a), 2.7 nm (b), and 5.3 nm (c¢).

The emission wavelength is red-shifted with respect to the absorption edge
because of the energy losses occurring through different mechanisms when the
nanocrystals are in the excited state. This phenomenon is called “Stokes shift”.
The exciton peak is also visible in the absorption spectrum, close to the

absorption edge.

Figure 3.2.2.2 shows the photoluminescence excitation (PLE) spectra of
CdSe/ZnS nanocrystals with the photoluminescence spectra on the same graph.
The excitation spectrum of the nanocrystals is measured by exciting the
materials with a light source and a monochromator so that the excitation
wavelength can be tuned. The emitted light intensity is measured at the peak
emission wavelength and normalized with respect to the intensity of the
corresponding excitation wavelength. The excitation spectra show that the
absorption increases in shorter wavelengths, which causes more electron-hole
pairs to form and more photons to be emitted, as expected. The decrease of the
PLE in deep ultraviolet is not related to the CdSe/ZnS nanocrystals, but it is

because of the polymer, which is the host material used in these samples. The
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absorption of the polymer becomes dominant for wavelengths shorter than 300

nm, and prevents the nanocrystals from being excited, thus decreasing the

emission intensity.
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Figure 3.2.2. 2 Photoluminescence excitation and photoluminescence spectra of CdSe/ZnS
nanocrystals with peak emission wavelength of 623 nm (a) and 585 nm (b).
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We also make time-resolved emission measurements of the nanocrystals.
Time-resolved emission measurement is taken by exciting the material with a
pulse short enough such that the decay of the emission (i.e., lifetime of the
emission) can be observed. In our measurement, the excitation wavelength is
378 nm. Figure 3.2.2.3 presents the number of photons collected from two
different CdSe/ZnS nanocrystals in time after excitation. The lifetimes are in the
order of a few nanometers. The lifetime of light-emitting materials are important

for applications with speed and bandwidth requirements.

Both the photoluminescence excitation and time-resolved photoluminescence
measurements have been completed at the Institute of Molecular and Atomic
Physics of Belarus with our participation as a collaborative research effort
within European Union FP6 Network of Excellence: PhOREMOST

(Nanophotonics to Realize Molecular Scale Technologies).
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Figure 3.2.2. 3 Time-resolved photoluminescence of CdSe/Zns core-shell nanocrystals with
emission wavelengths of 585 nm (a) and 620 nm (b).

3.2.3 Electromodulation of Optical Properties of
CdSe Nanorod and Nanodot Films

Optoelectronic nanodevices that rely on the electric field effects in optical
absorption and emission provide the ability to be externally controlled
conveniently using integrated electronic platforms. As an excellent candidate for
such optoelectronic nanomaterials semiconductor quantum dots are theoretically
expected to show strong electric field dependent optical properties [30]. In the
general class of quantum dots, chemically synthesized semiconductor
nanocrystals also exhibit electric field effects, for example, as demonstrated in
their optical absorption (e.g. through quantum confined Stark effect [34, 35])

and in their optical emission as Stark shift and luminescence quenching [36]).
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We investigate the influence of external electric field on the photoluminescence
and optical absorption properties of chemically synthesized CdSe nanorods and
nanodots. Unlike quantum dots, the nanorods exhibit quantum confinement only
in two dimensions. It is suggested that the electric field applied along the
nanorods length may provide effective exciton dissociation resulting in the

strong photoluminescence quenching (especially if the nanorods were aligned).

For the electromodulation experiments with the nanorods and nanodots, we
prepare the sample by placing the polymeric PMMA film with CdSe nanorods
or nanodots between two transparent indium tin oxide (ITO) electrodes sealed
with epoxy glue. The electric field influence on the photoluminescence of the
nanocrystal is studied by applying constant voltages between transparent ITO
electrodes. The PL is excited by 488 nm Ar-ion laser. The PL spectra at different
voltages are measured by combination of inverted microscope and LN-cooled
CCD camera based spectrometer. In Figure 3.2.3.1, we present the

photoluminescence spectra of CdSe nanorods at different applied voltages.
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Figure 3.2.3. 1 Photoluminescence spectra of CdSe nanorods film under different applied
voltages. Inset shows the integrated PL intensity vs. the applied electric field.

The spectra in Figure 3.2.3.1 demonstrate the decrease in photoluminescence
intensity and red shift with voltage increased. At E=10" V/cm the magnitude of
PL quenching reaches 20% with respect to the signal measured with no voltage
applied (inset). Differential PL spectra at various electric field applied with
respect to zero field are shown in Figure 3.2.3.2-(a). Both the negative
differential PL signal at A=620 nm (PL quenching) and positive signal at A=670
nm (Stark shift) rise with voltage increase. To demonstrate the Stark shift in PL
spectra of the nanorods in strong electric field the differential spectra normalized
with respect to zero-field PL spectrum are presented in Figure 3.2.3.2-(b). The
character of normalized differential spectra is typical as in previous studies and

attributed to the PL quenching and Stark effect [35].
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Figure 3.2.3. 2 Differential PL (a) and normalized differential PL (b) spectra of CdSe
nanorods parameterized with respect to applied electric field.

We have also conducted research on the electromodulation of absorption and
photoluminescence in CdSe nanodots (quantum dots). In Figure 3.2.3.3, the

optical density of CdSe nanodots is shown for different levels of electric field
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application. As higher electric field is applied, the exciton peak in the absorption

spectrum disappears because of exciton ionization.
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Figure 3.2.3. 3 Optical density of CdSe nanodots for different electric field values.

We observe the effects of electric field on photoluminescence, too. As
depicted in Figure 3.2.3.4, the photoluminescence quenches about 90% when an
electric field of 200 kV/cm is applied around the nanocrystals. This is the
highest photoluminescence electromodulation in CdSe nanodots ever reported
and it is promising for device applications. Additionally, the luminescence peak
is slightly red-shifted as the electric field increases. This arises from the Stark
shift. The photoluminescence decreases strongly with applied electric field,
which is caused by the decreasing overlap between the electron and hole
wavefunctions and eventually exciton ionization at higher electric field values.
The red shift is observed because the lowest energy levels in the valance and

conduction bands become closer to each other as the electric field increases.
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Figure 3.2.3. 4 Photoluminescence of CdSe nanodots for different electric field values.

The differential photoluminescence spectrum, which we obtain by subtracting
the photoluminescence under zero electric field from the photoluminescence
under electric field, also shows the red shift as in Figure 3.2.3.5.
Photoluminescence and absorption electromodulation experiments have been
conducted with our participation in collaboration with our research partner

Institute of Molecular and Atomic Physics of Belarus.
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Figure 3.2.3. 5 Differential photoluminescence spectra of CdSe nanodots under different
applied electric fields.
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Chapter 4

Localized Plasmon-Coupled Emission

of Nanocrystals

4.1 Metal-Enhanced Luminescence

Metal-enhanced luminescence relies on the idea of enhancing the emission of
luminescent (and also fluorescent) materials utilizing surface plasmon polaritons
or localized surface plasmons. It has been demonstrated for different materials,
including epitaxially grown structures, quantum dots, dyes, and different

molecules.

There are 3 basic mechanisms that influence the luminescence of materials
close to metal structures, metal films or metal particles: The very high electric
field in the near field of the metal, the increased radiative recombination rate of
the fluorescent material, which increases the emission intensity, and the resonant
energy transfer from the material to the metal, which adds to the nonradiative
recombination rate [37]. All mechanisms arise from the increased photon

density of states [38].

The very high electric fields around plasmons have been explained and
demonstrated in Chapter 2. The reason of increased radiative recombination rate
of materials close to plasmons is not as clear as the increased field phenomenon.
According to a model named as “radiating plasmon model”, the radiative
recombination rate of light-emitting materials close to metals increases because
energy is nonradiatively transferred from the excited material to the plasmon

modes, which scatters light very efficiently around its resonance wavelength.
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Also, the coupling rate between the plasmon modes and the excited fluorescent
material is much faster than the nonradiative relaxation processes of the excited
material because of the large electromagnetic fields caused by the large photon
density of states [39,40]. Therefore, if the scattering of the metal nanoparticles is
efficient, the emission can be enhanced. As mentioned in Section 2.2.2.1, the
portion of scattering in the extinction cross-section of metal nanoparticles
increases with the increasing size, approaching 100% for particles larger than
100 nm. The other contribution to the extinction of metal nanoparticles is the
absorption modeled as a loss because it dissipates the energy transferred from
the excited material (mostly in the form of heat). This theory is supported by the
fact that metal colloids smaller than 20 nm are efficient luminescence quenchers
[41]. According to this model, the larger the size of the metal nanoparticle, the
better the enhancement is. However, this is not fully correct because the quality
of localized plasmon resonance decreases for very large particles. Thus, this
trade-off leads an optimal range of metal nanoparticle size for luminescence
enhancement. For example, the optimal radius of silver nanoparticles is around

40 nm for metal-enhanced luminescence [42].

The three basic mechanisms in plasmon-influenced light emission, i.e.
enhanced electric field, increased radiative recombination rate, and resonant
energy transfer, have different dependences on the distance from the metal
surface. Quenching is dominant only for distances less than 5 nm between the
metal and the nanocrystal because resonant energy transfer decays rapidly with
distance. The enhanced electric field becomes negligible for distances larger
than approximately 15 nm from the surface of the metal nanoparticle. Increased
recombination rate decreases slower than the other mechanisms, and it is valid
up to 25 nm from the surface. Figure 4.1.1 compares the evolution of mentioned
interactions with distance. As a result of these distance-dependence behaviors,
strong enhanced fluorescence is expected for distances about 5-10 nm from the

metal nanoparticle surface [43].

54



4
3 5
Em s

Y Y
\ .

L i 1 i
0 100 200
DISTANCE [A]
Quenching ke —
Increased field En
Increased rate 13

Figure 4.1. 1 Distance dependence of the three mechanisms (quenching, increased field,
and increased rate) caused by metal-luminophore interaction (after [43])

It is better to quantitatively demonstrate the effects of plasmon on
luminescence. The emission enhancement factor in the vicinity of metal

nanoparticles is given by:
2
Y = ‘L(a)m) Z(w ﬂJ 4.1.1)

where L(w,.) is the enhancement factor of the local electric field amplitude at

the excitation frequency, and Z (a) ﬂu) is the increasing factor of quantum yield

at the emission frequency [37]. It is defined as

2o, )= QZL;(;"Z (4.12)

where QY. 18 the quantum yield with metal and QY is the quantum yield

without the metal.

r

Yy =—— 4.1.3
[0 F+k, ( )
and
I'+I’
Y, =—_ M 4.1.4
Q metal F+Fm +knr ( )
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where /" is the radiative recombination rate, %, is the nonradiative recombination
rate and [/, is the additional radiative recombination rate caused by the metal
[44]. Here quenching is ignored assuming that the distance between the metal
surface and the emitter is larger than 5 nm. According to equation 4.1.4, if the
quantum yield of the emitter is already close to 100%, we cannot increase it
further because the internal quantum yield cannot be larger than 100%.
However, if the internal quantum yield of the emitter is initially very small, very
large increases are possible up to the point the quantum yield becomes almost
100%. Another result we obtain from equation 4.1.1 is that matching the
plasmon resonance to the excitation wavelength maximizes the enhancement of
incident field, and matching the resonance to the emission wavelength
maximizes the enhancement of quantum efficiency. If the excitation and
emission wavelengths are close to each other, a wavelength between them can

give the optimal result.

Also, with changing recombination rates, the lifetime changes from

%=}6+M) (4.1.5)

to

_1
”_/G+Q+MJ (4.1.6)

increasing the emission rate by a factor known as Purcell enhancement,

T+k, +T,

4.1.7
I'+k,, ( )

P

The presence of plasmons very close to light-emitting materials has a number
of influences. As given in equation 4.1.6, the lifetime shortens with plasmonic
coupling. Also, the emission intensity can be significantly enhanced or quenched
depending on the conditions. Changing lifetime can also change the width of the
emission peak through homogeneous broadening. Additionally, in the case of
metal-enhanced fluorescence, the photostability of fluorophores usually
increases when they are coupled to surface plasmon modes because

photochemical reactions usually occur when the material is in excited state [45].
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This is one of the most important results of plasmon-coupled emission for

fluorophores because their photostability is an important problem.

4.2 Metal Nanostructures Preparation

Surface plasmon polaritons and localized plasmons can be obtained using metals
designed and fabricated by different methods. Surface plasmon polaritons occur
at flat metal surfaces and special techniques such as grating couplers are
necessary if roughnesses are not present on the surface. Surface plasmon
polaritons are out of our research focus, so we have not worked on those
techniques experimentally. Localized plasmons occur at metal nanoparticles and
nanostructures. Colloidal metal nanoparticles can be produced by chemical
techniques such as reduction of AgNOjs to obtain silver nanoparticles [46]. Also,
metal nanostructures can be fabricated with electron beam lithography. Another
type of structure fabricated to obtain localized plasmon resonance is metal island
films consisting of randomly distributed and separated islands with nanometer-
scale sizes instead of continuous films. In this work, we focus on forming metal

island films.

We deposit gold and silver island films by evaporating metal on clean and
smooth quartz and glass substrates in a vacuum environment. We keep the
evaporation rate very slow around 0.1-0.2 A/sec, and the mass thickness smaller
than 25 nm. For such slow evaporation rates and small mass thicknesses, the
metal film is not continuous and flat. Instead, separated nanometer-size islands
form on the surface. After the evaporation, the metal films can be annealed to
allow for the nanoislands to reorganize. The mass thickness, evaporation rate,
annealing temperature and annealing duration are the four main parameters that
determine the size and organization of silver nanoislands. Generally, larger mass
thicknesses cause the nanoislands to be larger in size. If the mass thickness is
too large, though, the film becomes almost completely continuous and does not

demonstrate any resonance behavior. Annealing the films after evaporation
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causes the nanoislands to be bigger in size and more isolated from each other
[47]. Large evaporation rates cause the islands to be less distinguishable and
more interconnected with each other, which attenuates the localized plasmon
resonance behavior of the silver film [48]. The scanning electron microscope
(SEM) images of the metal island films we deposit under different conditions
are presented in Figure 4.2.1; these SEM images are consistent with the general

metal island film formation characteristics described above.

100nm- 1200k %30,000  100nm
(a) (b)

. d
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(©) (@)

Figure 4.2. 1 SEM images of our silver nanoisland films: (a) 20 nm mass thickness, not
annealed, (b) 20 nm mass thickness, annealed at 300 °C for 10 min., (c) 6 nm mass
thickness, annealed at 150°C for 1 min., and (d) 2 nm mass thickness, annealed at 150°C
for 2 min.

For the four silver island films depicted in the SEM images, the average

nanoisland diameters are listed in Table 4.2.1. As expected, annealing yields
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larger and well-separated nanoislands and smaller mass thicknesses lead to

smaller nanoislands.

Mass Deposition Annealing Annealing Average
thickness rate temperature time nanoisland
(nm) (Ass) °0) (min.) diameter
(nm)
20 0.14 - - 80
20 0.14 300 10 120
6 0.06 150 1 30
2 0.03 150 2 40

Table 4.2. 1Average silver nanoisland diameter for different deposition conditions

Figure 4.2.2 compares the optical absorption spectra of silver island films
prepared with different mass thicknesses, different annealing temperatures, and
durations while one film is also covered with 10 nm-thick silicon oxide. The
optical absorption peak of the island films comes from the localized plasmon

resonance, and the peak wavelength is equal to the resonance wavelength.

— 4 nm Ag, 300 °C, 20 min.
——2nm Ag, 150 °C, 2 min.
6 nm Ag, 150 °C, 2 min.

1.0- —— 6 nm A 150°C,2min.+10nmSiXOy
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Figure 4.2. 2 Optical absorption spectra of silver nanoislands with mass thickness of 4 nm
annealed at 300°C for 20 min, nano-silver (2 nm) at 150 °C for 2 min, nano-silver (6 nm) at

150°C for 2 min, and nano-silver (6 nm) at 150 °C for 2 min covered with 10 nm thick Si,O,
film.
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The absorption spectra shown in Figure 4.2.2 provide to be in good
agreement with our expectations. Larger mass thicknesses lead to red-shifted
plasmon resonance because of the larger nanoislands and sharper plasmon
resonance is observed for the metal film annealed at a higher temperature and
for a longer time. Also, the existence of silicon oxide layer red-shifts the
resonance because the refractive index of silicon oxide is larger than that of air.
This characterization proves that the plasmon resonance wavelength of silver
island films can be tuned in a broad spectrum range by changing the deposition
parameters. Our experiments have shown that this technique is reproducible and
we have control over the resonance conditions of silver island films through the

mentioned parameters.

We also achieved to obtain plasmon resonance on gold island films. As
expected, the resonance wavelength of gold nanostructures is longer than that of
silver nanostructures. This expands the spectral range that can be covered even
further up to infrared region. We present the optical absorption spectrum of a
gold island film with a mass thickness of 4 nm on quartz substrate in Figure
4.2.3. The film was annealed at 300 °C temperature for 10 minutes after
evaporation of gold. The resonance wavelength of this sample is 564 nm, and it
is possible to get resonance at longer wavelengths by depositing thicker films or

annealing at shorter durations with lower temperatures.
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Figure 4.2. 3 Optical absorption spectrum of a gold island film with a mass thickness of 4
nm annealed at 300 °C for 10 minutes.

Furthermore, it is possible to obtain resonance wavelengths between those of
silver and gold by depositing silver and gold with small mass thicknesses one
after the other and annealing afterwards to form islands of silver-gold alloys
[49,50]. The resonance wavelength of the alloy can be further tuned by changing
the ratio of mass thicknesses of gold and silver. In Figure 4.2.4, the optical
absorption spectrum of a silver-gold compound film is presented. The mass
thicknesses are 2 nm for both materials, the annealing temperature is 300 °C, and
the duration is 10 minutes. Expectedly, we obtain a resonance wavelength of

523 nm, which is between that of silver and gold in similar conditions.
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Figure 4.2. 4 Optical absorption spectrum of a silver-gold alloy metal island film. The mass
thicknesses of silver and gold are 2 nm, the annealing temperature is 300 °C, and the
annealing duration is 10 minutes.

We have characterized different metal island films with different mass
thicknesses, annealing conditions using different materials such as nanocrystals,
polymer, or silicon oxide at the metal interface. Table 4.2.2 lists some of those

metal island films with their resonance wavelengths.

Material Mass Annealing | Annealing | Material at | Resonance
thickness temp. duration | the interface | wavelength
(nm) (°C) (minutes) (nm)
Silver 4 - - Free space 446
Silver 4 300 10 Free space 427
Silver 8 150 2 Free space 437
Silver 8 150 2 CdS 498
nanocrystals
Silver 10 300 10 Free space 451
Silver 10 300 10 SixOy 469
Silver 14 - - Free space 474
Silver 14 300 10 Free space 450
Silver 20 300 10 Free space 455
Silver 20 300 10 SixOy 476
Gold 4 300 10 Free space 557

62




Gold 4 300 10 SixOy 581
Gold 2 150 1 Free space 591
Gold 2 200 1 Free space 568
Gold 2 200 2 Free space 557
Silver+Gold 2+2 300 10 Free space 523
Silver+Gold 242 300 10 PMMA 555

Table 4.2. 2Localized plasmon resonance wavelengths of metal island films under different
fabrication and measurement conditions.

4.3 Experimental Demonstration of Localized

Plasmon-Coupled Emission from Nanocrystals

Using the metal island films we prepare, we experimentally prove that the
spontaneous emission characteristics of nanocrystals can be significantly
changed when influenced by localized plasmons. The experiments include both
CdSe/ZnS core-shell nanocrystals and CdS surface state emitting nanocrystals

with different results.

4.3.1 Plasmon-Coupled Emission of CdSe/ZnS

Nanocrystals

Light-emitting devices and biomedical labels are amongst the most important
applications of semiconductor nanocrystals and they usually require very high
luminescence efficiencies [51,52]. For this, metal-enhanced luminescence is a
potential way of obtaining high level of optical emission from semiconductor
nanocrystals. Enhancement of luminescence from semiconductor nanocrystals
using surface plasmon resonance and localized plasmon resonance has been
investigated to date [23,41,53-57]. It has been reported that flat gold films
cannot change the luminescence of CdSe/ZnS core-shell nanocrystals even
though they enhance the luminescence of CdSe nanocrystals 23-fold [53]. Using

gold colloids, luminescence of CdSe/ZnS quantum dots has been increased 5
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times [54]. The metal enhanced luminescence of CdSe/ZnS nanocrystals has
also been reported with enhancement factors of 30 to 50 using patterned metal
nanostructures fabricated with electron beam lithography [23,41]. Another way
of plasmon-enhanced luminescence relies on depositing metal island films in the
proximity of the luminescent material, and it has been reported for different
materials [58]. This method is superior to metal colloids because of higher
reproducibility [59]. Also, metal island films are relatively easier to fabricate
than patterned metal nanostructures because it does not require advanced
fabrication techniques such as electron-beam lithography. In addition to
reproducibility and relatively easiness, metal island films have the possibility of
controlling the resonance characteristics by changing the deposition conditions
as mentioned in the previous section. The use of metal island films to enhance
the luminescence of semiconductor nanocrystals has, however, only been
reported for CdTe nanocrystals, and a maximum of only 5-fold enhancement has

been achieved [57].

Because of this lacking research work on metal island film used to couple
with CdSe/ZnS nanocrystals, we fabricate structures to investigate the effects of
metal island films on their spontaneous emission properties. In the previous
research work on metal-enhanced luminescence of semiconductor nanocrystals
(using any type of metal films or structures), mostly the changes in the
luminescence intensity have been investigated. However, intensity is not the
only important parameter defining the emission of nanocrystals. The peak
emission wavelength and the full-width at half-maximum are also important. We
investigate the effects of randomly distributed silver island films also on the
peak luminescence wavelength and linewidth along with the luminescence

intensity of CdSe/ZnS core-shell nanocrystals.

We form closely-packed CdSe/ZnS core-shell nanocrystal films either
directly on the nanoislands or on top of a 10 nm thick silicon oxide layer in
between them. We grow the silicon oxide layer using plasma-enhanced chemical

vapor deposition (PECVD). The reason of using silicon oxide as the dielectric
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spacer is its transparency in our operating spectral range. We keep the spacer
thickness around 10 nm because it is in the distance range for which quenching
is not dominant, and enhancement is optimal. Closely-packed CdSe/ZnS films
are formed by drop-casting the nanocrystals in chloroform and evaporating the
chloroform in an environment with controlled gas pressure. CdSe/ZnS
nanocrystals used in these experiments are 1.9 nm in diameter with a size
distribution of £ 5 % and a peak emission wavelength of 492 nm. The

concentration of nanocrystals is 151 nmol/ml in chloroform.
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Figure 4.3.1. 1 Schematic view of the two types of samples prepared: a 10 nm thick silicon
oxide film between metal island films and nanocrystals (a), and nanocrystals directly on
metal island film (b).

Matching the plasmon resonance wavelength of silver island films with the
emission wavelength of the nanocrystals is important. Additionally, the size of
silver nanoislands should not be smaller than 20 nm such that quenching does
not dominate. Therefore, we deposit silver island films on quartz with mass
thickness of 20 nm with a rate of 0.1 A/sec, and anneal the resulting film at 300
°C for 10 minutes with nitrogen in the environment. Figure 4.3.1.2 displays the
optical absorption spectrum of the prepared silver island films with and without
a 10 nm thick silicon oxide layer on the top, along with the emission spectrum of
the CdSe/ZnS core-shell nanocrystals to be used for plasmon coupling. The
plasmon resonance of the silver island film and emission wavelength of the
nanocrystals match very well as depicted in Figure 4.3.1.2. The resonance

wavelength is intentionally designed to be slightly shorter than (blue-shifted by

65



17 nm) the emission wavelength of the nanocrystals so that the red-shift caused

later by the addition of the nanocrystal film helps them then match better.

——20 nm Ag, 300 °C, 10 min.
——20 nm Ag, 300 °C, 10 min.+Si,0,

] PL of CdSe/ZnS NC [
1.0+ 1.0

3
& \ T
g 0.8 \ 0.8 &
= ] i £
§ £
S 0.6 0.6 3
? 1 i 5]
(O]
8 044 L0.4 S
E T
S 0.2 0.2 =
= €
0.0 — 0.0 2
300 400 500 600 700

wavelength (nm)

Figure 4.3.1. 2 Optical absorption spectra of Ag (20 nm) annealed at 300 °C for 10 min and
that also covered with 10 nm-thick Si,O, along with the photoluminescence spectrum of
CdSe/ZnS nanocrystals.

We measure the photoluminescence of our CdSe/ZnS nanocrystals at an
excitation wavelength of 325 nm from a He-Cd laser at room temperature. Equal
amount of nanocrystals are located on all of the samples under test (including
the control groups) under exactly the same conditions. The photoluminescence
of the nanocrystals is compared when they are on quartz, on a silver island film,
and with a silicon oxide dielectric layer between the nanocrystals and the silver
island film. Figure 4.3.1.3 compares the average photoluminescence of the three
samples measured under equal conditions. The average photoluminescence is
enhanced by 15.1 times when there is a dielectric spacer compared to the case
with nanocrystals alone despite the nonuniformity of nanocrystals and metal
nanoisland and resulting spatial fluctuation in PL intensity. Also visible from
this characterization is that the silver island film quenches the luminescence
when the nanocrystals are directly on top of the silver island film. The average

photoluminescence drops to 70% of the original value with the influence of
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quenching, which makes the average photoluminescence measured with the
existence of dielectric spacer around 21.6 times greater than the one without the
dielectric spacer. The reader should keep in mind that in this photoluminescence
measurement, the excitation wavelength, 325 nm, is far away from the
resonance wavelength. Therefore, we cannot benefit from the enhancement of
the exciting field in this experiment as well. If the incident light wavelength

were close to the resonance, we would expect even larger enhancement of the

photoluminescence.
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Figure 4.3.1. 3 Photoluminescence peak intensity of CdSe/ZnS nanocrystals with silver (20
nm) and a dielectric spacer (10 nm silicon oxide) between them is 15.1 times larger than
that of the same CdSe/ZnS nanocrystals alone and 21.6 times stronger than that of the
same CdSe/ZnS nanocrystals with identical silver nanoislands (20 nm) but no dielectric
spacer.

Additional to the luminescence intensity change, the peak emission
wavelength and the linewidth are also affected by the presence of silver island
films. Figure 4.3.1.4 emphasizes these changes by comparing the normalized
photoluminescence  graphs of the two  cases, silver island
film+SiOy+nanocrystals and the nanocrystals alone. The peak emission
wavelength shifts from 492 nm to 506 nm and the full width at half maximum
decreases from 45 nm to 35 nm with the influence of localized plasmon
coupling. We can observe the emission shift not only in enhanced nanocrystals,

but also in the quenched ones because both of them are influenced by localized
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plasmons. The emission of quenched nanocrystals shifts to 501 nm. We suspect
that these luminescence red shifts originate from the interactions between the
permanent dipole moments related to the asymmetry of the CdSe/ZnS

nanocrystals and the dipole moments created in the silver nanoislands [60].
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Figure 4.3.1. 4 Photoluminescence peak wavelength of CdSe/ZnS
nanocrystals+Si,O,+nanoAg (506 nm) is shifted by 14 nm with respect to CdSe/ZnS
nanocrystals alone (492 nm) due to plasmonic resonance coupling. Their FWHM linewidth
is also narrowed by 10 nm due to the plasmon coupling.

Finally, we demonstrate the change in the emission of nanocrystals by
conducting electroluminescence experiments on our light-emitting diode (LED)
grown and fabricated at Bilkent University. The emission wavelength of the
LED is 454 nm. Since the emission of LED is used as the exciting radiation, the
response of metal-enhanced Iluminescence is different from the
photoluminescence experiment with the He-Cd laser. Nanocrystals are located
on the LED, and electroluminescence is measured by driving the LED with a
current of 60 mA. In one sample, the nanocrystals are located as in Figure
4.3.1.1-(a) close to a silver island film with a 10 nm thick dielectric spacer in
between them, again on the LED. In the other sample, there are not any metal
nanostructures. Figure 4.3.1.5 compares the electroluminescence for the two

cases. Nanocrystal emission is enhanced significantly even though the LED
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emission is absorbed by about 7 dB by the metal film in the first case. Therefore,
we believe our approach holds great promise for LED applications.

3500 4
3000 4
2500 1

2000 1

Electroluminescence

1500 -

1000 4

500

0 u — T T T T T d
300 350 400 450 500 550 600 650 700
wavelength (nm)
(@
3500 q
3000
2500
o
S
c
9
o
8 2000
£
£
S
s
g
2 1500
1000 +
500 4
0 : o : . : : . 4 )
300 350 400 450 500 550 600 650 700

wavelength (nm)

(b)

Figure 4.3.1. 5 Electroluminescence spectrum of the LED with CdSe/ZnS core-shell
nanocrystals close to silver island films (a), and of the same sample (with no metal
structures) isolated from any plasmon coupling (b).
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4.3.2 Plasmon-Engineered Emission of Surface
State-Emitting Nanocrystals

Very small-sized CdS nanocrystals act as surface state emitting nanocrystals
because emission through the surface states is very significant as a result of the
high surface-to-volume ratio. Therefore, their emission spectra span throughout
the entire visible spectrum as presented in Figure 4.3.2.1. The peak at 410 nm
belongs to interband transitions and emission at longer wavelengths belongs to
surface states. Those materials are synthesized with our participation in a
collaborative research effort with our research partners at Technical University

of Dresden.

1.0
0.8+
0.6 4

0.4+

photoluminesce (a.u.)

0.2

0.0 +rvyvorri—o——-r—r—b—-"+—7—-"-+-—-—--—-""7""1
400 450 500 550 600 650 700 750

wavelength (nm)

Figure 4.3.2. 1 Photoluminescence spectrum of surface state emitting CdS nanocrystals.

We measure the photoluminescence spectra of CdS surface state emitting
nanocrystals in the close vicinity of the metal nanoislands and compare the
results with the initial spectra. The initial spectrum, which is almost constant
excluding the interband transition, changes significantly depending on the
resonance conditions of the metal nanoislands. Figure 4.3.2.2 compares the

results for surface state emitting nanocrystals without the influence of plasmons,
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those in the proximity of a silver island film with mass thickness of 2 nm, and
those in the proximity of a gold island film with mass thickness of 2 nm. The
results are compatible with our expectations that the resonance wavelength of
the gold island film is around 580 nm, and that of the silver island film is around
520 nm, which also appear at the peaks of the enhanced surface state emission.
This experiment is very important because it gives us the opportunity to obtain
an emission peak at a desired wavelength by only changing the plasmonic metal

structure for the same luminescent material.
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Figure 4.3.2. 2 Photoluminescence spectrum of surface state emitting nanocrystals without
the influence of plasmons compared with those of the same material close to silver and gold
nanoislands with the plasmonic coupling.
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Chapter 5

Conclusion

In this thesis we worked on the optical properties of localized plasmons and
semiconductor nanocrystals. We began with the theory of plasmons and
explained the response of metal surfaces and metal nanoparticles to
electromagnetic radiation. Later, we numerically showed that the
electromagnetic responses of metal nanoparticles can be derived by solving
Maxwell’s equations using the finite-difference time-domain method. With this
method, we demonstrated that local electric fields with very high intensities are
formed in the visible range of the spectrum around metal nanoparticles with

dimensions much smaller than the wavelength.

In the following chapter we first focused on the theory of electron-hole
energy states at semiconductor nanocrystals, and discussed that the confinement
of electrons and holes in the nanocrystals make major changes in excitonic
behavior and cause discretization of energy levels because of discretized kinetic
energy of the carriers. We commented on the effects of this energy level
structure on the optical transitions and emphasized the significant dependence of
emission peak and absorption edge on the nanocrystal size. Later we
summarized the processing techniques of semiconductor nanocrystals for our
experimental work and presented our experimental results on the optical
absorption and photoluminescence spectra, photoluminescence excitation and

time-resolved emission measurements of these nanocrystals. We also added our
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experimental demonstration of strong electromodulation of photoluminescence

in nanodots and nanorods.

In the following chapter we summarized our experimental research results on
the localized plasmon-coupled spontaneous emission of semiconductor
nanocrystals. First, we explained the basics of metal-enhanced fluorescence and
its dependence on different conditions such as plasmon resonance wavelength,
internal quantum efficiency of the emitter, excitation wavelength, and distance
between the metal and the emitters. After that, we summarized our experimental
method of metal nanostructure fabrication and demonstrated the effect of
localized plasmon resonance on the optical absorption spectrum of the metal
island films. We also compared the resonance characteristics of different metal
island films with different mass thicknesses, annealing conditions, and
dielectrics at the interface. Using our optimized metal island films, we observed
15.1 times enhancement of the ensemble average of photoluminescence from
CdSe/ZnS core-shell nanocrystals compared to the case without the influence of
localized plasmons, and 21.6 times enhancement of the photoluminescence
compared to the case where the silver island film quenches the emission. In the
same experiment, we shifted the peak emission wavelength by 14 nm and
resulted with a 22% narrower emission peak. Additionally, we obtained
emission peaks at desired wavelengths in the visible region from CdS surface
state emitting nanocrystals by locating them close to metal island films with

different resonance properties.

Our experimental research on nanoparticles led to the submission of three
journal papers, with one of them being published [61-63], preparation of
additional three journal papers, and also eleven refereed or invited international
conference presentations [64-74]. Also, we have two patent submissions

pending.
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